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The maturation of fibrous astrocytes was studied in the archicortex (hippocampus) of rats subjected to early postnatal malnutrition. A decrease in the number of protoplasmic processes and end-feet in fibrous astrocytes from the cortical molecular layer was observed. In animals refed after weaning the number of protoplasmic processes returned to normal while that of end-feet remained unchanged. The diameter of the perikaryon was reduced. It is postulated that early malnutrition, induced immediately after birth, impairs differentiation of astroglia in the archicortex of the rat brain, probably as a response secondary to altered neuronal and capillary development.
Speculation
The effect of early postnatal malnutrition is most severe in structures of the central nervous system which have the highest rates of growth and differentiation. Important, and sometimes lifelong, changes in brain structure and composition including neuronal damage have been demonstrated. This study indicates that astroglial cells are also adversely affected by prolonged nutrient deprivation. These cells participate in neuronal metabolism and damage to them may contribute to intensify the effects of malnutrition upon the neurons.
Pre and postnatal development of various brain structures occur at well defined stages during central nervous system growth. In all mammals that have been studied so far, ontogenesis of the archicortex occurs relatively late during gestation and continues postnatally (4) . It consists of a first stage characterized by mitotic division of cells in the matrix surrounding the ventricular surface, followed by their migration to the cortical plate. Cytodifferentiation begins in the deeper parts of the cortical plate and takes place successively in the inside to outside sequence that affects all layers (18) .
Results of studies on mammals have discerned the critical importance of nutrient supply and environmental stimulation upon the maturation of brain structures (13, 20, 25, 32, 33) .
Early postnatal marasmus causes alterations in the central nervous system (35) . The severity of these changes depends on the stage and on the timing (and therefore on the stage of brain development), and on the intensity of the nutrient deficiency (15) . Both morphologic and biochemical parameters are affected (1- 3, 7, 10-12, 14, 17, 19, 20, 21, 22, 24, 29, 31) .
The studies reported here focus on the consequences of malnutrition upon the histologic maturation of astroglial cells from the molecular layer of the dorsal hippocampus in rats. Astroglial cells are a component of the neuropil to which important roles on the metabolic and energetic mechanisms of nerve transmission have been attributed (30) .
MATERIALS AND METHODS
mixture (38) 1%. This diet provided from '9.7-10.3% protein (9) . This amount of vitamins and minerals are known to support the optimal growth of rats.
Control diet. The control diet was obtained from "Alimentos Balanceados Ltd." Santiago, Chile. It provided the following: 22.8% protein, 5.9% fat, 46,8% carbohydrate, 6.5% ash, 6,070 fibre and 12% of water. Diets and drinking water were offered ad libitum.
Animals. Rats were obtained from the colony at the Institute of Nutrition and Food Technology (INTA). They originated from animals purchased from the Charles River Breeding Laboratories.
All dams were fed the control diet (22.8% protein) while nursing. The following experimental groups were then formed: Group I, malnourished rats. Malnutrition was induced in the pups by the following method: 15 newborn male and female pups, weighing an average of 5 g, were given to each dam to nurse. This number of nurslings per rat implies a higher competition for maternal milk, resulting in an inadequate intake. The pups were weaned on day 21st and fed ad libitum the low (10%) protein diet for 14 days. Mean body weight of the litters at weaning was 18 g; at the end of the low-protein period it was 33.8g. Group 11, rejed rats. Male and female pups, malnourished during the nursing period as previously described and belonging to the same enlarged litters. were fed the 22.8% protein diet ad libitum for 14 days after weaning. After 14 days oh this 22.8% protein diet, mean body weight had increased from 18 g at weaning to 56.0 g. Group 111, conrrol rats. Litters of 8 newborn male and female rats of the stock of INTA were given to nurse to each dam. The pups were weaned on day 21 and then fed the 22.8% protein diet ad libitum for 14 days. At the time of weaning mean body weight was 35 g. After 14 days on the normal protein diet this was 77.5 g. All animals were housed under controlled temperature, humidity and lighting conditions.
Procedures. The effect of each diet was studied in at least five different litters. One rat from each litter was selected at random among those animals whose weight was within 2 standard deviations of the mean, giving a total of five rats per experimental group. The animals were killed by ether inhalation. The brain was carefully removed, sectioned along the sagittal plane and fixed by immersion in formalin-bromide solution for five days (8).
The right hemisphere was then divided into three slices of equal thickness by means of two parasagittal cuts. The inner and outer slices were discarded. The central slice corresponded approximately to the de Groot coordinates medial-lateral 1.5-3.5 mm. After freezing, this central slices was cut at 30 pm of thickness with a sliding microteme (26) .
The section were stained in Cajal's gold sublimate for astrocytes, reduced, mounted with synthetic resin and examined at x 400 magnification. These were studied by two independent observers with foreknowledge of the group the specimen belonged to.
All astrocytes from a 250 by pm square area of the molecular layer of the dorsal hippocampus adjacent to the fissure, approximately 1.2-3.2 mm of the de Groot coordinates rostro-caudal were studied. The areas is demarcated in Figure I . fibrous astrocytes (Fig. 2) . Their perikaryon and prolongations (protoplasmic processes and end-feet) were drawn reproducing accurately each one of them over the full thickness of the section. The capillary network was also carefully drawn. The drawings were made on millimetric paper using an eye-piece with a reticulum of 100 squares and a Zeiss drawing attachment. At X 400 magnification, each 2 mm on the paper was equivalent to 2.5 p on the histologic section. Measurement of the maximum diameter of the perikaryon and the length of the protoplasmic processes and end-feet were made by means of an eye-piece fitted with a scale at ~1 0 0 0 magnification. Fifty astrocytes in each group were chosen at random from the molecular layer of the dorsal hippocampus and measured.
RESULTS
Differences in the structural pattern of fibrous astrocytes from the archicortex of the cerebrum were found when normal and malnourished rats were compared. Figure 3 depicts astrocytes from the molecular layer. Those of 21-and 35-day-old control rats are shown in Figure 3A and B. Astrocytes from malnourished animals of the same age groups are shown in Figures 3C and D . Astroglia from re-fed, 35-day-old rats are shown in Figure 3E . Figure 4 illustrates some of the changes observed in astrocytes in malnourished and nutritionally rehabilitated rats. Cells from the controls appear in the upper part. On the left side, frame A illustrates astrocytes observed in 21-day-old control rats. Both the star-shaped perikaryon and the glial processes stain well. Several protoplasmic processes can be seen radiating from the cell body. On day 35 (frame B) astrocytes show well defined outlines, several protoplasmic processes radiating from the perikaryon and a number of end-feet. These usually terminate in more than one capillary (see also Fig. 3B ). Astrocytes from malnourished animals are shown in the lower part of Fig. 4 . The left side (frame C ) illustrates the appearance most frequently found in rats malnourished for 21 days. These cells are more spindle-shaped and gold deposition is less dense and limited to the perikaryon and a few prolongations. Perivascular end-feet contact the wall of blood vessels by means of conical-shaped structures. Astrocytes of rats malnourished for 35 days (frame D) show gold deposition mainly in the perikaryon. Protoplasmic processes are usually thinner than in the controls. By contrast the end-feet are thicker. In rats malnourished until day 21 and subsequently re-fed until day 35 of life (frame E), astrocytes appear star-shaped, with more protoplasmic processes than in the two previous groups. However, irregularities in the thickness of the end-feet persists.
The number of prolongations, protoplasmic processes and endfeet of malnourished animals is compared with their age-matched controls in Table I . In 35-day-old malnourished rats (group D) a significant decrease in the number of prolongations, protoplasmic processes and end-feet per astrocyte is observed. Table 2 shows that at 35 days a significant decrease in the length of protoplasmic processes, end-feet and perikaryon diameter has taken place. There is no difference in the number of prolongations and of protoplasmic processes per astrocyte in malnourished animals refed from 21-35 days of age (E), compared to their age matched controls (Table I) . However the number of end-feet per cell is decreased (Table I) . While there is no difference in the length of end-feet and protoplasmic processes, a decrease in perikaryon diameter is observed in the re-fed rats (Table 2) . Tables I and 2 also compare the results observed after 21 and 35 days of malnutrition (group C vs group D). In Table 2 , significant reduction in perikaryon diameter and length of perivascular end-feet between c and D group is observed. -
DISCUSSION
These observations indicate that severe malnutrition. occurring during the suckling period, impairs the histologic maturation of astrocytes in brain archicortex that normally occurs around day 15 of the postnatal life of rats (4) . This damage could be explained by alterations in the sequence of the stages of the cerebral cortex morphogenesis. In the rat, early postnatal malnutrition induces a deficit in the number of brain cells (15-34) , prolongs the time required for DNA synthesis (23), and retards the migration of glial cells into the cortical plate. Furthermore their alignment around nerve fibers is defective (6) . The delay in astroglia matu- ration observed in our malnourished rats could be explained by similar effects of nutrient restriction.
Spongioblast maturation is preceded in mammals by neuron differentiation in the cortical plate (5) . Alterations of cellular differentation of the pyramidal cells of the layer V of the occipital cortex with decrease in the number and length of their basilar dendrites have been reported in malnourished rats (12) . On the other hand, early postnatal malnutrition induces deficits in dendritic spine density in basilar dendrites of pyramidal cells of layer V of the occipital cortex (28) . RakiC has observed a direct relationship between the development of dendritic spines and the growth of glial processes in Bergman astroglial cells in normal rhesus monkey cerebellum (27) .
If it is postulated that glial differentiation depends on neuron differentiation (in parallel with what has been shown with oligodendroglial cells in relation to the axon), the deficit of astroglial maturation could be a consequence of previous damage to the neurons. The deficit of glial processes demonstrated by our research could be due to disturbances of the mechanism which induces differentiation of dendrites and dendritic spines. This in turn may contribute to alter the maturation of the protoplasmic processes of astrocytes.
Dyson and Jones (16) demonstrated persistence of inmature types of synapsis in late stages of synaptogenesis in cerebral cortex of malnourished rats. This is in agreement with our hypothesis Fig. 3 . Actual sections of rat archicortex, illustrating the same groups as in Figure 2 . In 3B it is evident that astrocytes may have end-feet terminating in more than one capillary. Cajal gold sublimate, x 400. '' Compared to age-matched control. :' Compared to age matched control.
that the disturbances of synaptic development could be associated to alterations in glial differentiation.
The deficit in maturation of astroglial cells observed at 35 days in malnourished rats was partially reversed after weaning by refeeding with an adequate diet for 2 wk. The number of prolongations per astrocyte became normal. This rehabilitation was apparently achieved by differentiation of new protoplasmic processes although a significant and persistent deficit of end-feet per astroglial cell persists. This indicates that during re-feeding recovery of some glial structures takes place and that, in rats malnourished up to 21 days of age, a certain potential for at least partial improvement exists. It is possible that the mechanisms which regulate astroglial differentiation are specific for each kind of prolongation. In addition some factors which induce end-feet differentiation may be related to the development of the vascular network. This contrasts with the irreversibility of the alteration induced by early malnutrition on the total cell number and on myelin synthesis .
When compared with 2 1-day-old malnourished animals (group C), rats fed the restricted diet until day 35 (group D), show, except for the length of the protoplasmic processes, a clear trend toward lower values for all the morphometric aspects studied. This trend is opposite to the changes due to age, since in group B all values are higher than in group A. It may be postulated that these changes may be due to the more prolonged exposure to nutrient restriction. This is supported by observations carried out in our laboratory on the effects of early postnatal malnutrition on neuron maturation, in which reduced basilar dendritic arborization was found in the large pyramidal cells of the layer V of the occipital cortex (12) . In another study (36) on rats subjected to malnutrition from birth until day 60 of age, even lower values for dendritic arborization compared to rats malnourished until day 35, has been observed. All these observations suggest that malnutrition may alter the ontogenetic stages of the brain cell population and that the duration of the nutrient deprivation contributes to make more apparent the disturbance. Some cell structures may be more vulnerable than others to the effects of nutrient deprivation. In adition, cells may adapt to malnutrition by protecting some of these components more efficiently. This could be the explanation why in our present observations, although the length of the protoplasmic processes of the astrocytes was slightly increased between days 21 and 35 of malnutrition, the other parameters suffered a reverse in the development steps.
This investigation suggests that early, severe and prolonged malnutrition interfers with the development of the astroglial cells. As astroglia has been shown to participate in the metabolic activities of neurons, this damage may contribute to further impair neuronal function in nutritional deprivation.
